Introduction
• Introduction • Role of AQPs in cell secretion
• Role of AQPs in secretory granule swelling -Role of AQPs in ion permeation • Conclusions pore [9] . However, a direct barrier across the pore, centered around the NPA region, has also been suggested to form the major impediment to the proton passage [10, 11] . [12, 13] . They are expressed in various epithelia and endothelia and function as channels to permeate not only water but also small solutes. AQP1, AQP2, AQP4, AQP5 and AQP8 are primarily water selective, whereas AQP3, AQP7, AQP9 and AQP10 also transport glycerol, which are called 'aquaglyceroporins' [14, 15] . Although AQP1 has been considered to be a water-selective channel as described above, AQP1 has also been reported to transport cations [16] , gases such as carbon dioxide [17] , and ammonia [18] . AQP7 and AQP9 have been reported to transport heavy metal salts such as arsenate [19] , and AQP6 has been demonstrated to transport chloride at low pH [20] . It [21] , secretory granules in rat parotid acinar cells [22] and Brunner's gland [23] , cytoplasmic vesicles in human parotid acinar cells [24] and mouse liver [25] , synaptic vesicles from rat brain [26] , and intracellular vesicles in rat kidney [27] . These observations imply that AQPs in secretory granules and vesicles are involved in their volume regulation.
Subsequent studies have shown that AQP1 belongs to a large family of water-transporting proteins. Other AQPs have been cloned and at least 13 AQPs (AQP0 to AQP12) have so far been identified in mammals
In various exocrine and endocrine cells, secretory proteins are synthesized in rough endoplasmic reticulum (RER [21, 26, [37] [38] [39] . This paper reviews the possible role of AQPs on secretory granules and vesicles in secretory function, especially in exocrine glands.
Role of AQPs in cell secretion
AQP5 is a water-selective channel protein widely expressed in exocrine glands [40] [41] [42] . In rat duodenal Brunner's gland, vasoactive intestinal polypeptide (VIP) has been reported to increase the flow rate as well as bicarbonate and protein output [43] . Parvin et al. [23] indicating that no changes in the subcellular localization of AQP5 occurs [45] . On the other hand, it has been reported that immunostained AQP5 was scattered as clusters in the submembranous area of the acinar cells in the rat injected with the ␤-agonist isoproterenol, which provokes amylase secretion in parotid acinar cells [42] . In the mouse parotid gland, AQP5 was localized along the apical membrane and its small invaginations formed by fusion of secretory granules after isoproterenol-administration [46] . The fluidity of the primary secretion has been proposed to be important for the release of intragranular contents from membrane-bound secretory granules in pancreas [47] and parotid gland [48] . It is most likely that components of granule membrane such as ion channels might insert into the apical membrane during fusion process at porosome, and subsequently salt and water would flush out the stored macromolecules into the acinar lumen and provide for an appropriate amount of fluid to be secreted with the proteins [47, 48] .
Individual secretory events can be visualized with sulforhodamine B (SRB), a fluorescent fluid-phase polar tracer, as the formation of docked-granule profiles at apical membrane using two-photon excitation microscopy, since SRB remaining in the luminal region rapidly diffuses into granules fused with the plasma membrane [49] . When secretory events in rat parotid acini were investigated using the two-photon microscopy, the ␤-agonist isoproterenol provoked cell secretion, docked-granule profiles, at apical region as Figure 2 shows (Sugiya, Nemoto & Kasai, in preparation [57] .
The contribution of AQP1 to zymogen granule swelling was studied [21] . Fusion of zymogen granules with plasma membrane has previously been reported to be facilitated by activation of the trimeric GTP-binding protein Gi␣3 in zymogen granule membrane by in vitro fusion assay [58, 59] . Subsequently, the guanosine 5Ј-triphosphate (GTP)-binding proteins has been shown to contribute to secretory granule swelling using atomic force microscopy [37] , which provides three-dimensional data with the structure and dynamics of single biomolecule, living cells and organelles including secretory granules [60] . These observations suggest that zymogen granule swelling is an important prerequisite for zymogen granule fusion with plasma membrane. Cho et al. [21] [39] . Subsequently, water channels, AQP1 and AQP6, associated with synaptic vesicles isolated from rat brain were detected [26] . Since Go␣ was also detected as the major heterotrimeric GTP-binding protein in synaptic vesicles, Jeremic et al. [26] [22] . On the immunoelectron microscopy using anti-AQP5 antibody to the carboxyl terminus of AQP5, the immunogold particles were detected at the outside of secretory granule membrane. To study the function of AQP5 in the parotid secretory granules, Matsuki et al. [22] [61] .
utilized a quantitative in vitro assay involving rapid osmotic swelling and end-point measurements of granular osmotic lysis, which has been used for the investigation of ion conductance in secretory granules

In this assay system, it has been demonstrated that anti-AQP5 antibody induces secretory granule swelling and lysis in iso-osmotic KCl solution, suggesting that inhibition of AQP5 function causes secretory granule swelling and lysis. In secretory granules of the rat parotid gland, expression of the heterotrimeric GTP-binding protein Gs␣ and Gs␣-regulated Cl
-conductance have been reported [62, 63] .
However, AQP5 regulation by GTP-binding proteins in the secretory granule is still unknown.
Role of AQPs in ion permeation
On the basis of studies using atomic force microscopy in pancreatic acinar cells and isolated zymogen granules, Jena et al. [37] proposed [6] . Matsuki et al. [22] have also demonstrated that the anti-AQP5 antibody-induced granule lysis is inhibited in the absence of Cl -or in the presence of 4,4-diisothiocyanostilbene-2,2'-disulfonic acid, an anion channel blocker in the reaction mixture. There is no evidence that AQP5 acts as ion channels in the AQP5-expressing oocytes [65, 69] . The presence of Cl -conductance in the secretory granule membrane of the rat parotid gland has been demonstrated [48, 70] . In airway secretory glands, the expression of cystic fibrosis transmembrane conductance regulator (CFTR), a cAMP-activated Cl -channel, has been reported [71] , and CFTR has been suggested to be related to the ion content in the secretory granules and granule expansion [72] . (Fig. 1) , is considered to be a mercury-sensitive domain [75] , and corresponds to the known mercurial-inhibitory site [76] . Therefore, we examined the effect of HgCl2 on lysis of secretory granule in the parotid gland. Interestingly, HgCl2 clearly induced parotid secretory granule lysis [77] . The HgCl2-induced granule lysis was also completely blocked in the presence of ß-mercaptoethanol, a protective agent for SH groups, which has been demonstrated to restrain the effect of HgCl2 on AQP5 [78] . These observations were thought to support the view that the inhibition of AQP5 function causes secretory granule lysis.
However, it has been demonstrated that AQP6 function is activated by HgCl2 [79, 80] . AQP6 genes have been identified in rat and human kidneys with high homologies to AQP0 and AQP2 [81, 82] . Subsequently, AQP6 has been found to be localized in intercellular sites of acid-secreting ␣-intercalated cells from renal-collecting duct [27] . It has also been demonstrated to stimulate transport of glycerol and urea [80] . Currently, we found the presence of AQP6 associated with secretory granule membranes in the rat parotid acinar cells [84] . In the granule membrane isolated from the purified secretory granules, anti-AQP6 antibody specifically recognized 33 kDa band by western blotting, indicating the presence of AQP6 in secretory granule membrane of rat parotid acinar cells, as Figure 3 shows. To confirm the presence of AQP6 in parotid secretory granules, immunoelectron microscopy in ultrathin cryosection was carried out (Fig. 4) 
